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Neuronal Glutamate Transporters Control Activation
of Postsynaptic Metabotropic Glutamate Receptors
and Influence Cerebellar Long-Term Depression
al., 1997; He et al., 2000). The relative proximities of
these two classes of transporters suggest that glial and
neuronal glutamate transporters serve distinct func-
tions; however, no specific roles have been attributed
to either class of transporters. In this study, we test the
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Los Angeles, California 90095 hypothesis that uniquely positioned nEAATs regulate
glutamate concentration near a specific subtype of glu-
tamate receptor.
Cerebellar parallel fiber synapses rely exclusively onSummary
AMPA receptors for fast synaptic excitation; a slower
phase of excitation is mediated by a metabotropic gluta-Neuronal and glial isoforms of glutamate transporters
mate receptor, mGluR1 (Batchelor et al., 1994; Batch-show distinct distributions on membranes surrounding
elor and Garthwaite, 1997; Tempia, et al., 1998). Unlikeexcitatory synapses, but specific roles for transporter
AMPA receptors, which sit in the PSD directly oppositesubtypes remain unidentified. At parallel fiber (PF) syn-
release sites, mGluR1 shows highest densities at theapses in cerebellum, neuronal glutamate transporters
edge of the PSD and is excluded from the PSD (Baudeand metabotropic glutamate receptors (mGluRs) have
et al., 1993; Petralia et al., 1997), a pattern overlappingoverlapping postsynaptic distributions suggesting that
that of EAAT4. This perisynaptic location of mGluRs andpostsynaptic transporters selectively regulate mGluR
nEAATs implies that mGluRs may be activated underactivation. We examined interactions between trans-
different conditions than AMPA receptors. Consistentporters and mGluRs by evoking mGluR-mediated ex-
with this idea, high-frequency stimuli are required tocitatory postsynaptic currents (mGluR EPSCs) in slices
activate mGluRs at parallel fiber synapses (Batchelor etof rat cerebellum. Selective inhibition of postsynaptic
al., 1997; Finch and Augustine, 1998; Takechi et al.,transporters enhanced mGluR EPSCs greater than
1998; Tempia et al., 1998). Given the requirement of3-fold. Moreover, impairing glutamate uptake facili-
mGluR activation for long-term depression (LTD) at par-tated mGluR-dependent long-term depression at PF
allel fiber synapses (Linden et al., 1991; Aiba et al., 1994;synapses. Our results demonstrate that uniquely posi-
Conquet et al., 1994; Ichise et al., 2000), tight controltioned glutamate transporters strongly influence mGluR
over mGluR activation by postsynaptic uptake couldactivation at cerebellar PF synapses. Postsynaptic gluta-
regulate LTD and help ensure that plasticity remainsmate uptake may serve as a general mechanism for
synapse specific.regulating mGluR-initiated synaptic depression.
The present study explores the consequences of in-
hibiting glutamate transport on synaptic activation of
Introduction mGluRs and the specific contribution of nEAATs to the
regulation of mGluR EPSCs and mGluR-triggered LTD.
Glutamate transporters play an essential role in synaptic Our results show that postsynaptic nEAATs limit access
signaling by rapidly clearing released neurotransmitter. of synaptically released glutamate to postsynaptic
Five subtypes of glutamate transporters have been mGluRs. Furthermore, we show that inhibiting glutamate
cloned (Kanai and Hediger, 1992; Pines et al., 1992; uptake enhances mGluR-initiated LTD at parallel fiber
Storck et al., 1992; Tanaka, 1994; Fairman, et al., 1995; synapses. Thus, by influencing the degree of postsynap-
Arriza et al., 1997). Human isoforms (and their rodent tic mGluR activation, glutamate transporters regulate
homologs) are named EAAT1 (GLAST), EAAT2 (GLT1), synaptic depression. Colocalization of postsynaptic glu-
EAAT3 (EAAC1), EAAT4, and EAAT5. GLAST and GLT1 tamate transporters and mGluRs at other excitatory syn-
are primarily expressed in glial cells (Rothstein et al., apses (Baude et al., 1993; He et al., 2000) that also
1994; Lehre et al., 1995), while EAAC1 and EAAT4 are exhibit mGluR-dependent LTD suggests that this may
expressed in neurons (Furuta et al., 1997; Dehnes et al., serve as a general mechanism allowing postsynaptic
1998). EAAT5 is present in glia and neurons of the retina neurons to exert control over activity-dependent synap-
(Eliasof et al., 1998). Glial glutamate transporters are tic depression.
expressed on astrocytic plasma membranes associated
with excitatory synaptic contacts (Chaudhry et al., 1995). Results
Surprisingly, neuronal glutamate transporters (nEAATs)
are confined to dendritic membranes (rather than pre- An mGluR-Mediated, Slow Synaptic Current
synaptic terminals). Examined at the electron micro- at Parallel Fiber Synapses
scopic level, large pools of nEAATs are located on intra- In the presence of antagonists for AMPA receptors and
cellular organelles. At the plasma membrane, nEAATs GABAA receptors, short trains of stimuli (three to ten
are concentrated at the edges of postsynaptic densities pulses) delivered to the molecular layer elicited slow
(PSDs) at excitatory synapses; this has been termed a synaptic currents in Purkinje neurons. The slow time
perisynaptic distribution (Dehnes et al., 1998; Furuta et course of these currents is consistent with a G protein-
dependent signaling cascade; trains of five stimuli at
100 Hz elicited currents with rise times of 623  64 ms1 Correspondence: otist@ucla.edu
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Figure 1. An mGluR-Mediated EPSC Is
Evoked by Delivering Trains of Stimuli to Par-
allel Fibers
(A) With AMPA and GABAA receptors blocked,
brief trains of stimuli delivered to PFs elicit
slow inward currents sensitive to mGluR an-
tagonists.
(B) mGluR EPSCs cannot be evoked by single
stimuli or pairs, but are observed with longer
trains (four to eight pulses at 100 Hz). Scale
bar same as in (A).
(C) AMPA EPSCs evoked under similar stimu-
lus conditions in response to 100 Hz trains of
varying durations (one, two, three, four, six,
and eight pulses).
(D) Mean normalized mGluR EPSC amplitude
(mGluR EPSC, open circles, n  3–10) and
the integral of AMPA EPSCs (AMPA charge,
filled triangles, n  4) in response to 100 Hz
trains of varying duration. AMPA and mGluR
data are significantly different (p  0.01) for
one, two, four, and six pulse trains.
and 1/2-decay times of 637  62 ms (n  35). Train- are determined by integrated quantal output during 100
Hz trains. Therefore, the resulting AMPA EPSCs wereevoked responses were completely blocked by mGluR
antagonists. As shown in Figure 1A, a nonselective an- integrated to generate estimates of the number of
quanta released during each train. Using this approach,tagonist of mGluRs (MCPG, 1 mM) strongly inhibited the
slow EPSC (inhibited by 91%  5%, n  4). In addition, average quantal output was determined for each train
length and normalized to that elicited in response toan antagonist selective for mGluR1, LY367385 (50M),
inhibited the response by an average of 94% (n 2, not eight stimuli (Figure 1D; AMPA charge, filled triangles).
The example cell in Figure 1C shows that facilitation ofshown). Taken together, these results are consistent
with those previously reported for Purkinje neurons AMPA EPSCs developed in the first two pulses of 100
Hz trains; average measurements of AMPA charge in(Batchelor and Garthwaite, 1997; Hirono et al., 1998;
Tempia et al., 1998) as well as for hippocampal neurons Figure 1D suggest that quantal output facilitates in the
first few pulses of 100 Hz trains and then persists at a(Congar et al., 1997). Moreover, the dependence of the
mGluR EPSC on stimulus trains and the sensitivity of relatively constant level throughout the remainder of
eight pulse trains. Comparing the quantal output andthe response to mGluR antagonists closely resemble at-
tributes of mGluR-dependent intracellular Ca2 signals in mGluR EPSCs in this manner demonstrates that presyn-
aptic facilitation is likely to contribute to the stimulusthe dendrites of Purkinje neurons (Finch and Augustine,
1998; Takechi et al., 1998) and hippocampal neurons response relationship for the mGluR EPSCs. However,
presynaptic facilitation by itself is not able to account(Nakamura et al., 1999).
mGluR EPSCs were reliably observed in response to for the steeper stimulus response relationship observed
for the mGluR EPSC, nor can it explain the lack of mGluR100 Hz trains of three or more pulses. However, in 13
out of 14 Purkinje neurons responding to three or four activation with one or two stimuli.
pulses, single stimuli and pairs were unable to elicit a
significant response (Figure 1B, and see Experimental Antagonism of Glutamate Transport Enhances
the mGluR-Mediated Synaptic CurrentProcedures). The wide range in peak amplitudes (54
to 554 pA, n  9) observed in response to the longest at Parallel Fiber Synapses
Antagonism of glutamate transporters slows the decayduration (eight stimuli) trains argues that the lack of
response to pairs of stimuli is not due to an inability to of AMPA EPSCs at parallel fiber synapses onto Purkinje
neurons (Barbour et al., 1994) and stellate cells (Carterdetect a small response. Figure 1B shows an example
of average mGluR EPSCs elicited by 100 Hz trains of and Regehr, 2000) while causing no enhancement, and
in some cases depressing, the peak amplitude of AMPAvarying durations (one to eight stimuli). The relationship
between normalized peak mGluR EPSC and the number EPSCs. We examined the effects of inhibiting total gluta-
mate transport on the size of the mGluR EPSC. Figuresof pulses in the 100 Hz trains is displayed in Figure 1D
(mGluR EPSC, open circles). Strong presynaptic facilita- 2A–2D show four different Purkinje neurons for which
bath application of the glutamate transporter antago-tion occurs at parallel fiber synapses (Konnerth et al.,
1990; Perkel et al., 1990); in order to assess the contribu- nists D-aspartate, THA, or TBOA (Shimamoto et al.,
1998) strongly enhanced the peak amplitude of thetion of presynaptic facilitation, AMPA receptor-medi-
ated excitatory postsynaptic currents (AMPA EPSCs) mGluR EPSC. On average, mGluR EPSCs elicited by
trains of four to eight stimuli at 100 Hz were enhancedwere recorded in response to identical stimulus patterns
(one to eight pulses, 100 Hz; Figure 1C). The slow time to by the substrate antagonists D-aspartate (300 M, n 
7) and THA (300 M, n  5) by more than 5-fold, (p peak of the mGluR EPSCs suggests that peak responses
Glutamate Transporters Limit Activation of mGluRs
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Figure 2. Antagonism of Glial and Neuronal
Glutamate Transporters Strongly Enhances
mGluR EPSCs
(A–D) Inhibitors that do not discriminate be-
tween glial and neuronal glutamate transport-
ers enhance the peak of the mGluR EPSC
several-fold both at room temperature and at
33C  1C. Each row of traces, from left to
right, consists of control, transporter antago-
nist, and recovery. The scale bar in (A) applies
to all traces.
(E) Average enhancement of the peak mGluR
EPSC by the substrate inhibitors D-aspartate
and THA, and the nontransported inhibitor,
TBOA, at room temperature and at elevated
temperature. In this and subsequent figures,
the number of experiments in each condition
is displayed in parentheses above the corre-
sponding bar. The asterisks indicate signifi-
cant enhancement above control levels of
100% (p  0.01).
0.01, compared to control) (Figures 2A, 2B, and 2E). The families of mGluR EPSCs in response to trains of one,
two, four, six, and eight pulses at 100 Hz under controlnontransported antagonist TBOA (50 M, n 4) caused
a 6-fold increase in the peak mGluR EPSC (p  0.01) conditions and after bath application of 50 M TBOA.
Following inhibition of transport by either THA (300 M)(Figures 2C and 2E). In order to assess the role of uptake
closer to physiological temperature, we examined the or TBOA (50 M), mGluR EPSCs become detectable in
response to pairs of stimuli, a finding that was rarelyeffect of inhibiting transporters at 33C  1C. Similar
to experiments performed at 20C–24C, 50 M TBOA observed under control conditions (Figure 3). Average
responses from five neurons, normalized within eachcaused enhancement of the mGluR EPSC to more than
5-fold of control near physiological temperature (n  4) cell to the control response to eight stimuli, are shown
in Figure 3B. Figure 3C replots these data displaying(Figures 2D and 2E). These results confirm that the slow
synaptic current arises from glutamate release and sug- fractional responses normalized to the responses to
eight stimuli in control or within THA/TBOA. Significantlygest that under physiological circumstances glutamate
transport actively limits mGluR-mediated signals. larger fractional responses were elicited by trains of two,
four, five, and six pulses with transporters inhibited (pEnhancement of the mGluR EPSC is accompanied by
a shift in the relationship between the stimulus train 0.05). These results demonstrate that glutamate trans-
port actively influences the relationship between theduration and the response amplitude. Figure 3A displays
Figure 3. Blocking Glutamate Uptake Shifts
the Relationship between Train Duration and
mGluR EPSC Size
(A) Responses to one, two, four, six, and eight
stimuli at 100 Hz under control conditions and
in TBOA.
(B) Relative response size versus train dura-
tion; each value is normalized to the mGluR
EPSC evoked by an eight stimulus train in
control (n  3–5).
(C) Same data as in (B), but each value is
normalized to the response to an eight stimu-
lus train in either control conditions or with
uptake inhibited by TBOA or THA. With gluta-
mate transport inhibited, significantly larger
fractional responses are observed for the
shortest trains.
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Figure 4. Selective Blockade of Neuronal
Glutamate Transporters Enhances mGluR
EPSCs
(A) L--AA, a substrate selective for neuronal
glutamate transporters, enhances mGluR
EPSCs.
(B) Comparison of the mean enhancements
of mGluR EPSCs by L--AA and the glial/
neuronal transporter antagonist THA. The as-
terisks indicate significant enhancement
above control levels of 100% (p  0.01).
amount of glutamate released and the mGluR-mediated 340%  34% of that observed at 1–3 min after break-
through (p 0.001, compared to no change, n 5, filledsynaptic response. In addition, the data support the
notion that trains of presynaptic stimuli are required to triangles, Figure 5A). The sensitivity of these potentiated
responses to 1 mM MCPG confirmed them to be mGluR-elicit mGluR EPSCs because trains overcome an avid
process of glutamate reuptake. mediated currents (not shown). For comparison, control
recordings made with CsMeSO3-based pipette solutions
showed only a moderate increase at 20 min after break-Selective Antagonism of Neuronal Glutamate
Transporters Enhances the mGluR EPSC through (137%  11%, p 	 0.01, n  5, filled circles,
Figure 5A), possibly caused by a slowing of the transportThe previous experiments relied on extracellular appli-
cation of antagonists effective at inhibiting glial and neu- cycle by Cs ions.
We performed two separate groups of experiments toronal glutamate transporters. The overlapping localiza-
tion of the glutamate transporter EAAT4 with mGluR1 rule out the possibility that Tris-based pipette solutions
caused enhancement by nonspecific effects. First,at parallel fiber synapses suggests that postsynaptic
neuronal transporters play important roles in determin- AMPA receptor-mediated EPSCs were monitored using
Tris-based pipette solutions. AMPA currents did noting the concentration profile of glutamate in the vicinity
of the mGluRs. In order to assess the specific role of change significantly with time after breakthrough de-
spite dialysis by the Tris-based pipette solution (97%postsynaptic glutamate transport, we used L--amino
adipate (L--AA), a substrate with high selectivity for 4%, n  4, at 20 min after breakthrough, not shown).
Second, we tested whether responses to an exogenousthe neuronal glutamate transporter EAAT4 (Ferkany and
Coyle, 1986; Arriza et al., 1994; Fairman et al., 1995). mGluR agonist (DHPG, 50 M) were enhanced by dial-
ysis with the Tris-based pipette solution. These ex-Similar to the effects observed with the nonspecific
transporter antagonists, bath application of 500M L-- periments were conducted in 10 M DNQX, 100 M
picrotoxin, and 0.5 M TTX. Control data suggestedAA enhanced the mGluR EPSC at parallel fiber synapses
(Figure 4). Inhibition of neuronal glutamate transporters that DHPG is transported (see Experimental Proce-
dures); therefore, 20 M TBOA was also included in thewith L--AA increased the mGluR EPSC to 225% 35%
(p 0.01, n 6) of control as compared to the previously bath solution. Pressure pipette applications of DHPG
evoked inward currents as indicated in Figure 5D; on aver-determined enhancement to 519%  183% for 300 M
THA (Figure 4B). Thus, neuronal glutamate transporters age these responses were enhanced only moderately
(106% 14%, n 4) over 20 min following breakthroughsignificantly limit the glutamate concentration transient
responsible for the mGluR EPSC. into whole-cell mode (open circles, Figure 5A). The lack
of significant enhancement of exogenously evoked mGluR
currents rules out nonspecific effects of Tris dialysisSelective Antagonism of Postsynaptic Glutamate
Transporters in Single Purkinje Neurons such as changes in the driving force for the EPSC or
alterations in the mGluR-initiated second messengerEnhances the mGluR EPSC
Another approach was used to inhibit only postsynaptic cascade.
Taken together, these data imply that postsynapticglutamate transporters in the recorded cell by blocking
the transport cycle with a specific pipette solution. This transporters become progressively blocked as Tris di-
alyses the PN and replaces physiological cations. Theapproach relies on the dependence of the glutamate
transporter cycle on intracellular cations such as K or increase in the mGluR EPSC seen after blocking trans-
port in the recorded cell provides strong support forCs (Kanner and Sharon, 1978; Barbour et al., 1988).
Complete substitution of Tris for physiological cations the idea that neuronal glutamate transporters control
signaling to mGluRs at parallel fiber synapses. Because,in the intracellular solution blocks the transport cycle
(Wadiche and Kavanaugh, 1998). Using a Tris-based in this experiment, transporters are only inhibited in the
recorded PN, these results demonstrate a specific rolepipette solution, the amplitude of the mGluR EPSC was
monitored over time after breakthrough into whole-cell for postsynaptic glutamate transporters distinct from
transporters on neighboring neurons or yet to be identi-mode. As demonstrated by the example in Figure 5B,
over time the size of the mGluR EPSC increased mark- fied L--AA-sensitive transporters on presynaptic ter-
minals.edly, approaching steady state approximately 15–20 min
after breakthrough. The mean response size grew to If the postsynaptic transporters influence glutamate
Glutamate Transporters Limit Activation of mGluRs
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Figure 5. Inhibition of Postsynaptic Trans-
porters Enhances mGluR EPSCs
Selective inhibition of postsynaptic gluta-
mate uptake by blocking glutamate trans-
porters in only the recorded neuron was
accomplished by dialyzing the cell with Tris-
based pipette solutions.
(A) Average amplitude of the mGluR EPSC is
plotted against time after breakthrough for
Tris-based (filled triangles, n  4–8) and
Cs-based pipette solutions (filled circles,
n  4–7). Although Tris-based internal solu-
tions cause the mGluR EPSC to increase
markedly with time after breakthrough, Tris-
based solutions cause no significant change
in responses elicited by pressure pipette ap-
plication of the mGluR agonist DHPG over 20
min (50 M, open circles, n  4–8). Re-
sponses are normalized to those 1–3 min after
breakthrough.
(B) Example of mGluR EPSCs recorded just
after breakthrough (2.5 min) and after 20 min
in whole-cell mode (20 min).
(C) mGluR EPSCs recorded at 2.5 min and
20 min after breakthrough using a Cs-based
pipette solution. Scale bar same as in (B).
(D) Pressure pipette-evoked responses to 50
M DHPG at 2.5 and 20 min following break-
through.
concentration near the perisynaptic mGluRs during tamate transport again supports the hypothesis that co-
localized glutamate transporters limit glutamate con-trains of presynaptic stimuli, then the relationship be-
tween train duration and relative response size should centration in the perisynaptic space and thereby prevent
glutamate from reaching and activating mGluRs.shift as in the experiments with bath-applied glutamate
transporter antagonists (Figure 3). Following 20 min in If inhibition of postsynaptic glutamate transporters (as
compared to inhibition of glial transporters) is contribut-whole-cell mode using Tris-containing pipettes, mGluR
EPSCs were recorded in response to 100 Hz trains con- ing significantly to the enhancement seen upon bath
application of broad spectrum transporter antagonists,sisting of one to eight pulses and compared to similar
measurements made during control recordings with then a bath-applied antagonist should cause less en-
hancement after internal Tris has already impairedCs-containing pipette solutions. Figure 6A illustrates
families of traces in response to trains of varying dura- postsynaptic glutamate uptake. The effectiveness of
THA (100–150M) to enhance mGluR EPSCs was testedtion recorded with either Tris-based or control pipette
solutions. As in the case where glial and neuronal gluta- in a group of PNs under control conditions and after
dialysis with Tris-based pipette solution (each groupmate transporters were inhibited by bath-applied antag-
onists, mGluR EPSCs are clearly detected in response to was tested greater than 20 min into whole-cell configura-
tion using an otherwise identical experimental protocol).two pulse trains using Tris-containing pipettes. Group
data displayed in Figure 6B indicate that significantly As illustrated in Figure 7, THA was significantly less
effective at increasing the mGluR-mediated synapticlarger normalized mGluR EPSCs (I/I8 stimuli) were observed
in cells filled with Tris than in control cells in response current under these conditions as compared to control
(159%  39%, n  5, versus 454%  96%, n  8,to trains of two, three, four, five, and six pulses (p 
0.02). This shift in the stimulus-dependence of mGluR p  0.005). The reduced effectiveness of THA following
internal dialysis by Tris is notable in several respects.activation upon selective blockade of postsynaptic glu-
Figure 6. Internal Tris Shifts the Relation-
ship between Train Duration and mGluR
EPSC Size
(A) Responses to one, two, three, and five
stimuli (100 Hz) under control conditions and
after 	20 min of dialysis by a Tris-based
pipette solution.
(B) Relative response size versus train dura-
tion; each value is normalized to the mGluR
EPSC evoked by an eight stimulus train with
either Cs- (n 3–9) or Tris-based (n 3–12)
pipette solutions. With postsynaptic gluta-
mate transport inhibited, significantly larger
fractional responses are observed for the
shortest trains.
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Figure 7. Blocking Postsynaptic Uptake Re-
duces the Effects of a Bath Applied Trans-
porter Antagonist
If Tris-based pipette solutions block post-
synaptic glutamate uptake, and these trans-
porters limit mGluR activation, internal Tris
should reduce the effects of a bath applied
transporter antagonist.
(A) mGluR EPSCs in a cell 	20 min after
breakthrough with a Tris-based pipette solu-
tion. 100 M THA causes little change in the
mGluR EPSC.
(B) Comparison of the average enhancement
by 100–150 M THA with Cs-based (control)
and Tris-based pipette solutions (all mea-
surements made 	20 min after break-
through). The bar indicates a significant dif-
ference (p  0.005) between the control (n 
8) and Tris groups (n  5).
First, the results provide strong support for the claim response measured at t  11–15 min, n  7). Inhibition
of glutamate transport by bath application of 50 Mthat internal Tris is inhibiting postsynaptic glutamate
TBOA (Figures 8A and 8C) resulted in significantlytransporters. Second, they argue that blockade of post-
stronger LTD in response to the CJS (60.6%  8.1%,synaptic transporters accounts for a significant compo-
n  7, p  0.02). Finally, LTD observed in TBOA wasnent of the enhanced mGluR EPSCs observed upon
prevented by coapplication of the mGluR1 antagonistblocking glial and neuronal transporters. Simple calcula-
LY367385 (93%  6.6%, n  7, p  0.005) (Figures 8Ations allow estimation of the fractional enhancement
and 8D), confirming that the increased depression wasdue to blockade of neuronal transporters. THA increases
due to mGluR-dependent LTD.the mGluR EPSC in a Tris-dialyzed cell by only 17%
of the THA effect seen under control conditions (59%/
Discussion354%) suggesting that neuronal transporters are re-
sponsible for 83% of the enhancement. Last, the resid-
This study demonstrates that neuronal glutamate trans-ual enhancement remaining after inhibition of postsyn-
porters regulate activation of postsynaptic mGluRs. In-aptic uptake indicates that glial transporters may
hibition of glial and neuronal transporters results in aadditionally limit glutamate concentrations at perisynap-
several-fold enhancement of mGluR EPSCs. Selectivetic mGluRs. Glutamate transporters on neighboring Pur-
antagonism of postsynaptic neuronal glutamate trans-kinje neurons may also be responsible for the enhance-
porters with two different approaches also significantlyment that persists after blocking transporters in the
increases the mGluR EPSC. These enhancements arerecorded cell. These results must be qualified by noting
accompanied by a shift in the input/output relationshipthat blockade of postsynaptic transport is likely to in-
of the synapse; shorter presynaptic trains are able tocrease the spatial extent over which synaptically re-
activate mGluRs following blockade of postsynaptic glu-leased glutamate can act and possibly allow glutamate
tamate transporters. We find that the increased activa-to reach previously protected mGluRs.
tion of mGluRs facilitates induction of LTD at parallel
fiber synapses.Inhibition of Glutamate Uptake Facilitates
Functional interplay between neuronal glutamatemGluR-Dependent LTD at Parallel
transporters and mGluR1 likely results from closely
Fiber Synapses
overlapping distributions of these proteins (Baude et al.,
A well-described form of associative synaptic depres- 1993; Lujan et al., 1997; Dehnes et al., 1998). Supporting
sion results from conjunctive stimulation of parallel and the hypothesis that postsynaptic glutamate transporters
climbing fiber inputs to Purkinje neurons (Aiba et al., and mGluRs compete with one another for synaptically
1994; Conquet et al., 1994; Finch and Augustine, 1998; released glutamate, similar steady-state affinities for
Ichise et al., 2000). This LTD is triggered by activation glutamate are exhibited by EAAT4 (3 M) (Fairman et
of mGluRs at parallel fiber synapses and is expressed al., 1995) and mGluR1 (10 M) (Conn and Pin, 1997).
as a reduction in the AMPA receptor-mediated EPSC This organization may reflect a general mechanism by
at parallel fiber synapses. The strong enhancement of which a postsynaptic neuron could control mGluR acti-
mGluR EPSCs upon impairment of glutamate transport- vation by modulation of postsynaptic glutamate uptake.
ers suggests that under normal conditions glutamate Indeed, colocalization of neuronal glutamate transport-
transporters may hinder the induction of LTD at parallel ers and perisynaptic mGluRs occurs at other synapses,
fiber synapses. To test this hypothesis, parallel fiber- including those in the hippocampal CA1 region (Baude
mediated AMPA EPSCs were monitored over time, and et al., 1993; Petralia et al., 1997; He et al., 2000).
LTD was induced by delivering a conjunctive stimulation
protocol (hereafter, referred to as CJS; see Experimental Inhibiting Glutamate Transport Strongly Enhances
Procedures for details) to the Purkinje neuron. Figures mGluR-Mediated EPSCs at Parallel Fiber Synapses
8A and 8B show that, under control conditions, the CJS Glutamate transporters regulate glutamate receptor ac-
tivation by limiting extracellular glutamate concentra-resulted in moderate LTD (83.6%  4.5% of control,
Glutamate Transporters Limit Activation of mGluRs
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Figure 8. Inhibiting Glutamate Transport En-
hances Long-Term Depression at Cerebellar
Parallel Fiber Synapses
(A) Comparison of LTD in three groups of neu-
ron elicited by an identical stimulation proto-
col (CJS, delivered at t  0 min). Mean peak
amplitudes of parallel fiber evoked AMPA re-
ceptor-mediated EPSCs are displayed versus
time for control (open circles, n  7), in 50
M TBOA (filled triangles, n 7), and in 50M
TBOA and 50 M LY367385 (open inverted
triangles, n 7). Inhibition of glutamate trans-
port significantly enhanced LTD, and this en-
hancement was blocked by the mGluR1 an-
tagonist LY367385.
(B) Example traces before and after the CJS
from a control recording.
(C) Example traces from a recording in which
the CJS was delivered in the presence of
TBOA.
(D) Example traces from a recording in
which the CJS was delivered in the presence of TBOA and LY367385. In (B)–(D) the bold trace represents an average response during 5 to
0 min and the thin trace an average response during 20–25 min following the CJS. Scale bar applies to (B)–(D).
tion. In principle, blocking glutamate transporters could cascade are near saturation. The results also suggest
that the increase in the mGluR EPSCs is due to activationenhance the peak amplitude and prolong glutamate re-
ceptor-mediated signals. Effects of inhibiting glutamate of a larger number of mGluRs and/or to a prolonged
activation of mGluRs as glutamate is cleared from peri-uptake on AMPA EPSCs have been examined at many
types of synapses; enhancement of the peak is rarely synaptic regions of the synaptic cleft.
The results in the present study build on those recentlyobserved, but in many cases AMPA EPSCs are signifi-
cantly prolonged and often a slower phase of the EPSC reported for postsynaptic mGluR responses in CA3 neu-
rons in hippocampal slice cultures (Heuss et al., 1999).appears (Barbour et al., 1994; Mennerick and Zorumski,
1994; Otis et al., 1996; Kinney et al., 1997; Higgs and An increased activation of presynaptic mGluRs has been
inferred upon inhibition of glutamate transporters asLukasiewicz, 1999; Carter and Regehr, 2000). In cerebel-
lar cortex, inhibiting glial and neuronal glutamate uptake shown in hippocampal slices and culture preparations
(Maki et al., 1994; Scanziani et al., 1997; Asztely et al.,causes slowing of the decay of both climbing fiber and
parallel fiber EPSCs (Barbour et al., 1994). Interestingly, 1997). The relative contributions of neuronal and glial
cell glutamate transporters in limiting these signals hasimpairing only postsynaptic transporters by including
the transporter substrate D-aspartate in the recording not yet been examined.
pipette leads to a similar degree of slowing for climbing
fiber EPSCs (Takahashi et al., 1996). The moderate pro-
longation of AMPA EPSCs has been attributed to a A Role for Postsynaptic Glutamate Uptake
at the Parallel Fiber Synapseslowed clearance of glutamate from the synaptic cleft
which causes only a small increase in the number of Our results suggest a role for neuronal glutamate trans-
porters EAAT3 and EAAT4 in controlling activation ofAMPA receptors activated at the peak of the EPSC but
leads to significant rebinding as the glutamate concen- colocalized postsynaptic mGluRs and in modulating ac-
tivity-dependent synaptic depression at cerebellar par-tration falls in the cleft (Barbour et al., 1994; Otis et al.,
1996). allel fiber synapses. With this arrangement, postsynaptic
glutamate transporters are positioned to allow targetThe several-fold enhancement of mGluR EPSCs ob-
served in the present study contrasts with the lack of neurons to influence the propensity for mGluR-depen-
dent LTD in a synapse-specific manner. Excitatory syn-enhancement and moderate prolongation described for
AMPA EPSCs. In Purkinje neurons, activation of mGluRs apses that exhibit mGluR-initiated LTD include parallel
fiber synapses in cerebellum (Linden et al., 1991; Shi-leads to a second messenger cascade that has not yet
been clearly defined (Staub et al., 1992; Linden et al., gemoto et al., 1994; Aiba et al., 1994; Conquet et al.,
1994; Ichise et al., 2000), Schaffer collateral synapses1994; Hirono et al., 1998; Tempia et al., 1998). Nonethe-
less, the complexity of a second messenger cascade in hippocampus (Otani and Connor, 1998; Normann et
al., 2000), and synapses between spiny stellate neuronsmakes it difficult to calculate the increase in the number
of mGluR receptors activated for a given increase in in the neocortex (Egger et al., 1999). To date, the relative
locations of nEAATs and mGluRs have been carefullymGluR-mediated current. Such calculations will require
precise details of the various steps in this second mes- examined only at cerebellar parallel fiber synapses
(Baude et al., 1993; Petralia et al., 1997; Dehnes et al.,senger cascade including relative numbers of receptors,
G-proteins and effectors, and rate constants for each 1998) and at Schaffer collateral synapses in hippocam-
pus (Baude et al., 1993; He et al., 2000). Overlappingstep in the cascade. However, the large increases in
mGluR EPSCs described in the present study demon- perisynaptic localization patterns are present at both
synapses, suggesting that this may be a widespreadstrate that none of the steps of the second messenger
Neuron
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five pulse, 100 Hz train. All recordings were performed at holdingmechanism for control of mGluR-dependent synaptic
potentials of 70 to 90 mV.plasticity.
A picospritzer (Parker Hannifin, Co., Fairfield, NJ) connected to aThe ability to modulate postsynaptic glutamate trans-
glass pipette was used for pressure application of DHPG. For the
port is a critical component of this hypothesis. Changes experiment shown in Figure 5, DHPG was pressure applied every
in glutamate uptake could occur through alteration of 2 min. The resulting inward currents were confirmed as mGluR1-
mediated responses by their sensitivity to 50 M LY367385 (13% glutamate transporter turnover rate or by changing the
4% of control, n  6). Experiments with CsMeSO3-filled pipettessurface expression of glutamate transporters. Indeed,
showed that bath application of TBOA enhanced DHPG-evokedmodulation of EAAC1 (EAAT3) surface expression has
responses to 278% of control (n  2), suggesting that DHPG isbeen described in a cell line in response to PKC activa-
transported by glutamate transporters. Because the DHPG experi-
tion (Dowd and Robinson, 1996). In addition, calcium ments in Figure 5 serve as a control for all nontransporter mediated
influx increases glutamate transporter currents in cul- effects, they were performed in the continuous presence of TBOA
(20 M).tured PNs, possibly by activating phospholipase A2 (Ka-
Throughout LTD experiments, the parallel fiber synaptic responsetaoka et al., 1997). Whether PKC modulates postsynap-
was monitored by eliciting EPSCs at a frequency of 0.5 Hz withtic glutamate transporters has not been established, but
single stimuli. Induction of LTD was accomplished by a conjunctivebecause PKC is a downstream target of mGluR1, high
stimulation protocol (CJS) consisting of simultaneous depolarization
levels of mGluR activation at parallel fiber synapses of the Purkinje neuron to 0 mV for 50 ms and stimulation of the
could activate the kinase, increase postsynaptic gluta- parallel fibers with trains (five pulses at 100 Hz) every 2 s for 1 min.
mate uptake, and thereby exert negative feedback on
Data Analysissubsequent mGluR activation. Such a homeostatic
Data analysis was performed using PCLAMP 8.0 (Axon Instruments,mechanism would have important consequences for
Inc.) or with routines written in Igor Pro 3.1 (Wavemetrics, Inc., LakeLTD at parallel fiber synapses. Negative feedback regu-
Oswego, OR). In order to recognize the smallest mGluR responseslation of glutamate clearance by mGluRs could serve
and discriminate them with statistical significance from background
as a widespread mechanism linking high levels of pre- noise (as in first section of Results), we applied the following test:
synaptic output to increases in glutamate uptake in or- after determining the SD of the baseline noise a putative response
was accepted only if the peak amplitude was greater than threeder to minimize spillover of glutamate.
SDs above the baseline noise level. Error bars represent 1 SEM.
Student’s t test was used to determine confidence intervals.
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